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Microglia are essential for maintenance of normal brain function,
with dysregulation contributing to numerous neurological dis-
eases. Protocols have been developed to derive microglia-like cells
from human induced pluripotent stem cells (hiPSCs). However,
primary microglia display major differences in morphology and
gene expression when grown in culture, including down-
regulation of signature microglial genes. Thus, in vitro differenti-
ated microglia may not accurately represent resting primary
microglia. To address this issue, we transplanted microglial
precursors derived in vitro from hiPSCs into neonatal mouse brains
and found that the cells acquired characteristic microglial mor-
phology and gene expression signatures that closely resembled
primary human microglia. Single-cell RNA-sequencing analysis of
transplanted microglia showed similar cellular heterogeneity as
primary human cells. Thus, hiPSCs-derived microglia transplanted
into the neonatal mouse brain assume a phenotype and gene
expression signature resembling that of resting microglia residing
in the human brain, making chimeras a superior tool to study
microglia in human disease.
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Microglia are the resident immune cells of the brain and
fulfill a number of crucial functions, including immune

surveillance (1), sculpting neural circuits through synaptic
pruning (2), and clearing protein debris (3, 4). In addition, im-
paired microglial function is thought to contribute to a variety
of neurological and neurodegenerative diseases, including
Alzheimer’s and Parkinson’s diseases (5–7). Increased microglial
activation has been observed in both patients and mouse models
of neurodegenerative diseases, and this increased activation is
hypothesized to contribute to neuronal dysfunction and death
(8–11). In addition, multiple GWAS studies searching for loci
associated with increased risk for neurodegenerative disease
have identified genes which are highly expressed in microglia,
including APOE and TREM2 (12–17). These discoveries identify
microglial function as a key factor contributing to the develop-
ment of Alzheimer’s and Parkinson’s diseases.
The recent development of protocols to differentiate induced

microglia-like cells (iMGs) from human induced pluripotent
stem cells (hiPSCs) has provided the opportunity to study these
cells in vitro under defined culture conditions (18–23). The success
of these protocols lies in mimicking in vivo microglial development
in an in vitro setting. Stem cells are first induced to a hemato-
poietic lineage and then into myeloid intermediates, similar to
primitive macrophages (18, 20–23) or monocytes (19). As micro-
glial differentiation in vivo is driven primarily by cytokines se-
creted from neurons and astrocytes (including IL34, MCSF1, and
CX3CL1) (24, 25), microglial differentiation in vitro is achieved
either by addition of these cytokines to the media to mimic the
presence of neurons (18, 19, 21) or by growing microglia in co-
culture with neural cells (20, 22, 23).

Despite these innovations, there are important limitations to
modeling human disease with hiPSC-derived iMGs. As immune
cells, microglia are prone to activation and highly sensitive to
in vitro culture, which introduces impediments in extending re-
sults obtained with cultured cells to disease states. This is high-
lighted by recent studies showing that primary microglia directly
isolated from the brain exhibit significant changes in gene ex-
pression when grown in culture for as little as 6 h (26, 27). These
changes include down-regulation of key microglial genes such as
TMEM119 and P2RY12, and up-regulation of genes associated
with microglial activation or disease states (26, 27). Thus, the
available evidence indicates that the phenotype and gene ex-
pression signature of in vitro cultured microglia are significantly
different from that of primary, resting microglia in the brain.
To address these issues, several studies have attempted

transplantation of mouse (20, 23) or human (18) iPSC-derived
microglia-like cells into adult (18, 20) or neonatal (23) mouse
brains. Although these studies did show successful integration of
small numbers of cells with branched morphology, they lack the
sufficient numbers of transplanted cells to do further charac-
terization or manipulation, and fail to compare the transplanted
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cells with primary human microglia to confirm that in vivo
differentiation was successful.
To establish an experimental platform to allow the generation

of hiPSC-derived microglia that resemble primary microglia,
induced human microglia (iMGs) were transplanted into the
brains of neonatal mice expressing human CSF1. Two months
after transplantation, the cells assumed a phenotype and gene
expression signature that were more similar to that of primary
microglia directly isolated from the human brain than to primary
microglia cultured for 7 d. Compared with in vitro differenti-
ated microglia, the transplanted iMGs expressed higher levels
of key microglial signature genes and more closely resembled
primary microglia residing in the human brain. Our results show
that the human–mouse microglial chimera is a powerful tool for
the study of human microglia in health and disease.

Results
Generation of Human–Mouse Microglial Chimeras. Multiple proto-
cols have been established to generate microglia-like cells from
human embryonic stem cells or hiPSCs (18–23). These in vitro
cultured cells exhibited significant morphological differences
compared with primary human microglia, suggesting that in vitro
culture may fundamentally change microglial physiology (18–23).
The goal of this study was to investigate how the in vivo envi-
ronment would affect the microglial phenotype by transplanting
in vitro derived human microglia into the neonatal mouse brain.
To make human–mouse microglial chimeras, stem cells were
differentiated into microglial precursors (iMPs) (19, 28) at a high
purity of a minimum of 98% CD11b+CD45+ cells (Fig. 1 A and
B) using an established protocol (19). These iMPs were then
transplanted to create chimeric mice or plated for in vitro
microglial differentiation. Following 2 wk of in vitro microglial
differentiation, expression of microglial markers increased or
was maintained relative to microglial precursors (SI Appendix,
Fig. S1). To detect the presence of human cells in the brains of
the mouse recipients, donor cells carried a green fluorescent
protein (GFP) reporter (SI Appendix, Fig. S2).
Growth and survival of microglia depend on CSF1 and other

cytokines (24, 29, 30). Because human myeloid cells do not re-
spond efficiently to murine cytokines, mice carrying transgenes
encoding human CSF1, IL3, SCF, and GM-CSF were derived
and have been shown to better support the survival of trans-
planted human cells into the hematopoietic compartment (31–
33). To assess whether these human cytokines improved the in-
tegration and differentiation of human microglial precursors into
microglia, we transplanted hiPSC-derived iMPs into the brains of
NOD scid gamma (NSG) mice and NSG mice carrying the hu-
man transgenes encoding IL3, SCF, and GM-CSF (NSG-Triples;
NSG-T) or, in addition, also carrying the human version of CSF1
(NSG-Quads; NSG-Q) (Fig. 1A). When iMPs were transplanted,
immunohistochemical analysis revealed robust integration and
survival of GFP+ cells in NSG-Quads (Fig. 1C1). The average
number of GFP+ cells increased from over 2,500 cells per 100-
μm-thick brain section at 10 d post injection (dpi) (Fig. 1C2) to
6,900 cells per section at 60 dpi (Fig. 1C3), and then to 15,000
GFP+ cells per section at 120 dpi (Fig. 1 C1 and C4). In contrast,
very few GFP+ cells remained after 10 dpi in NSG-T or NSG
hosts (Fig. 1 C1 and C5 and SI Appendix, Fig. S3C), indicating
that human IL3, SCF, and GM-CSF are not sufficient to support
transplanted iMPs in the mouse brain. Thus, human CSF1 is
crucial for the survival and integration of transplanted human
iMPs in chimeric mouse brains.
Previous studies have shown the importance of matching the

developmental state of transplanted cells to the recipient host
(34, 35). To determine whether a precursor or a differentiated
microglial cell is better matched for transplantation into neo-
natal mouse brains, we injected iMPs, or iMPs differentiated for
1 or 2 wk into microglia-like cells, into the lateral ventricles of P1

neonatal NSG-T and NSG-Q mice (Fig. 1A). Chimeras gener-
ated from the injection of iMPs had high numbers of GFP+ cells
at 10 and 60 dpi (2,500 and 6,900 cells per section, respectively).
In contrast, chimeras injected with microglia-like cells differen-
tiated in vitro for 2 wk had significantly fewer GFP+ cells per
section (SI Appendix, Fig. S3 A and B), with an average of 270
cells per section at 10 dpi and 1,080 cells per section at 60 dpi.
Injection of microglia-like cells differentiated 1 wk in vitro was
similar to injection of iMPs at 30 dpi (SI Appendix, Fig. S3D and E).
Thus, we conclude that iMPs more efficiently integrate into
the brains of neonatal mice than the in vitro differentiated
microglia-like cells. Furthermore, these results emphasize the
necessity of utilizing an in vitro differentiation protocol that
includes a time point at which precursor cells can be collected at
high purity to generate microglial chimeras.
By 10 dpi, GFP+ cells in NSG-Q mice had migrated away from

the site of injection and were spreading throughout the striatum
and cortex, indicating successful integration into the host tissue
(Fig. 1 C2 and D). The GFP+ cells within the brain tissue were
ramified and displayed characteristic microglial morphology
(Fig. 1D), again suggesting integration of the GFP+ human cells
into the environment of the murine brain. Rounded, unramified
GFP+ cells were attached to the meninges surrounding the
outside of the brain and within the folds of the cerebellum (Fig.
1C). These cells were ∼20% of GFP+ cells in the entire section
anterior to the cerebellum at 10 dpi and 5% at 120 dpi (SI Ap-
pendix, Fig. S3F). GFP+ cells were confirmed to be human cells
through labeling with an antibody against human nuclei (Fig.
1D1), and were shown to maintain expression of Pu.1 and Iba1,
which are markers of the myeloid lineage (Fig. 1D2).
Human microglia were unevenly distributed in the brain, with

the highest contribution of GFP+ cells in the olfactory bulb and
striatum at 120 dpi (Fig. 1C4). To assess the fraction of human
cells in the overall microglial population, we determined the
fraction of GFP+ cells in the Pu.1+ cell population, which en-
compasses both human and mouse microglia. Human cells made
up a significant percentage of the total microglia, with 27% of all
microglia being GFP+ in the whole brain anterior to the cere-
bellum (calculated as %GFP/Pu.1). In structures with the highest
contribution of human cells such as the caudate, up to 50% of
microglia were found to be GFP+ (Fig. 1E). We observed an
increase in the total number of Pu.1+ cells in anatomical regions
with high integration of GFP+ iMGs, with no decrease in the
number of GFP-negative, Pu.1+ mouse microglia (SI Appendix,
Fig. S3G) in NSG-Q chimeras relative to NSG-T controls, which
did not have transplanted cells remaining. Thus, the invasion of
human donor cells into the different brain regions did not reduce
the number of mouse microglia.

Transplanted Microglial Precursors Mature into Microglia. To con-
firm that the transplanted iMPs had adopted a microglial identity
within the environment of the mouse brain, cells were stained for
expression of the microglial specific markers P2RY12 and
TMEM119. At 10 dpi, 40 to 60% of GFP+ cells with microglial
morphology colabeled with P2RY12 in the cortex and striatum,
respectively, while greater than 95% of cells expressed myeloid
marker Iba1 (Fig. 2 A and B). However, no P2RY12 staining was
detected in the unramified cells located in the meninges at the
edge of the brain, even though expression of Iba1 remained at
91% (Fig. 2 A and B), suggesting that these cells, while myeloid,
had not matured into microglia. At 60 dpi, over 99% of GFP+
cells colabeled with both P2RY12 and Iba1 (Fig. 2 B and C) in
the striatum and cortex. In contrast, while 83% of unramified
cells in the meninges expressed Iba1 at 60 dpi, only 3% expressed
P2RY12 (Fig. 2 B and C). TMEM119, another developmentally
regulated microglial specific marker (36), was robustly expressed
at 60 dpi but below the level of detection at 10 dpi (Fig. 2D). The
fraction of transplanted cells expressing P2RY12 increased
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Fig. 1. Generating human–mouse microglial chimeras. (A) iPSCs were differentiated into microglial precursors (19) and further differentiated in vitro into microglia
for 1 or 2 wk (Materials andMethods). iMPs and iMGs were injected into neonatal NSGmicewith a transgene encoding human alleles for CSF1, SCF, IL3, and GM-CSF
(NSG-Q) or SCF, IL3, andGM-CSF (NSG-T) or no human alleles (NSG). Mice were taken at 10, 30, 60, or 120 d post injection. Image of neonates fromUNSW Embryology
(https://embryology.med.unsw.edu.au) and image of mouse brain from Wikimedia Commons (https://commons.wikimedia.org/wiki/File:Mouse_brain_sagittal.svg).
(B) FACS analysis of iMPs used for transplantation shows cells are 99% CD11b+CD45+, 88% CD14+CD16+, and 96% P2RY12+ in a representative experiment.
(C) Quantification of the number of GFP+ cells per 100-μm-thick section at various time points of NSG-Q and NSG-T chimeras (C1). Values are expressed as mean ± SD.
Representative images of NSG-Q chimera brains at 10 dpi (C2), 60 dpi (C3), and 120 dpi (C4), as well as NSG-T at 60 dpi (C5). (Scale bars, 1,000 μm.)
(D) Higher-magnification images of GFP+ cells at 10 and 60 dpi, colabeled with markers of human nuclei (red) and Pu.1 (purple) (D1) as well as myeloid lineage
Iba1 (red) and Pu.1 (purple) (D2). (Scale bars, 50 μm.) (E) Percentage of total microglia that are of human origin, expressed as %(GFP+ cells)/(Pu.1+ cells), is shown
for the entire section and for selected brain regions at 10, 60, and 120 dpi. Values are expressed as mean ± SD. Anatomical regions drawn on a representative
section are shown (Right). BG, basal ganglia; CA, cornu ammonis; CC, corpus callosum; DG, dentate gyrus; Hypo, hypothalamus; OB, olfactory bulb.
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Fig. 2. Transplanted microglial precursors differentiate and mature into microglial cells in vivo. (A) At 10 dpi, GFP+ cells are shown from the striatum, cortex,
and meninges. (Scale bar, 50 μm.) (B) The percentages of GFP+ cells that colabel with P2RY12 (Top) and Iba1 (Bottom) are quantified in the striatum, cortex,
and meninges at 10 and 60 dpi. Values are expressed as mean ± SD. Significance was determined with one-way ANOVA with Tukey post hoc test, with sample
sizes of 3 mice per group. (C) At 60 dpi, GFP+ cells are shown in the striatum and meninges. (Scale bar, 50 μm.) (D) Representative images of transplanted
GFP+ cells at 10 dpi (Top) and 60 dpi (Bottom) colabeled with TMEM119 (red). (Scale bar, 50 μm.) (E) GFP+ iMGs increase in complexity from 10 to 60 dpi.
Representative cells are depicted as fluorescent images showing GFP expression (Top), a surface rendering (Middle), and a filament tracing (Bottom). (F) From
the filament tracings, the total length of all summed processes (dendrite length), total volume of all summed processes (dendrite volume), total number of
bifurcation points (branch points), and total number of process terminal points (terminal points) were measured per cell at 10 and 60 dpi. Values are
expressed as mean ± SD. Filament tracings and quantifications were performed in Imaris. Significance was determined with Mann–Whitney t test, with sample
sizes of 150 to 300 cells from 3 mice. *P < 0.05, ****P < 0.001; ns, not significant.
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between day 10 and day 60, suggesting that the microglia were
still immature at 10 dpi but matured to more definitive microglia
at 60 dpi. Consistent with this possibility, transplanted iMGs
developed into a typical morphological complexity between 10
and 60 dpi (Fig. 2E), with filament tracing of individual GFP+
cells showing an increase in the overall length and volume of the
cell processes as well as an increase in the number of branch
points and terminal points (Fig. 2F). These observations suggest
that transplantation of human microglial precursors into the
mouse brain represents a powerful system for studying the sig-
nals which induce the differentiation and maturation of micro-
glia in an in vivo environment.

Human iMGs Residing in Rodent Brains Are Similar to Primary Human
Microglia.Recent work has shown that primary microglia isolated
from mouse (26) and human (27) brains show dramatic changes
in gene expression following as little as 6 h in culture. We
compared gene expression of iMGs directly isolated from the
brains of transplanted NSG-Q neonates with cells differentiated
in vitro to determine how the transcriptome of microglia
changed after transplantation into the brain. We collected
fluorescence-activated cell sorting (FACS)-sorted GFP+ cells
from chimeric brains at 0 dpi (i.e., the cells used for trans-
plantation), 10 dpi, and 60 dpi as well as iMGs cultured in vitro
for the same time period and performed bulk RNA sequencing
(RNA-seq). Using principal-component analysis (PCA), in vivo
differentiated samples clustered separately from in vitro differ-
entiated samples at 10 and 60 dpi (Fig. 3A1), indicating that
transplantation into the brain changed the transcriptome of
iMGs. In vivo differentiated iMGs isolated at 10 dpi clustered
closer to iMPs than to iMGs isolated at 60 dpi, which suggests a
developmental progression after transplantation (Fig. 3A1). In
contrast, iMGs differentiated in vitro for 10 and 60 d clustered
close together, consistent with little or no maturation occurring
after prolonged in vitro culture. In vitro iMGs and 10-dpi in vivo
iMGs clustered at similar positions along the y axis of the PCA
plot (PC2) (Fig. 3A1), indicating some similarities in gene
expression.
To correlate gene expression of iMGs transplanted into the

brain with that of primary human microglia, we compared iso-
lated in vivo iMG samples with gene expression of microglia
directly isolated from human brain or after in vitro culture for 7 d
(27). Following batch correction using Combat to remove dif-
ferences in gene expression due to technical effects, in vivo
transplanted iMGs appeared to cluster much more closely to
primary human microglia (MGs) than in vitro differentiated
iMGs, especially at 60 dpi (Fig. 3A2). Likewise, in vitro differ-
entiated iMGs clustered more closely to primary human MGs
which had been cultured in vitro for 7 d. In order to quantify the
relative distances of the separate samples to primary human
MGs, the distance between each sample and the center of the
primary human MG was measured (Fig. 3A3), and 60-dpi in vivo
iMGs were found to be significantly closer to primary human
microglia than all other samples tested. Thus, the 60-dpi in vivo
iMGs were found to be more similar to primary human MGs
than with in vitro cultured microglia.
To further define gene expression differences between dif-

ferent in vivo and in vitro microglia, we performed scatterplots of
log-transformed gene counts between all sample pairs (Fig. 3B
and SI Appendix, Fig. S4). Comparisons were done using all
genes as well as a list of microglial signature genes generated by
Gosselin et al. (27). Using both gene sets, comparisons between
60-dpi in vivo iMGs and primary microglia resulted in higher
R2 values (R2 = 0.97 for all genes; R2 = 0.89 for microglial genes)
than similar comparisons between 60-dpi in vivo iMGs and pri-
mary monocytes (R2 = 0.76; R2 = 0.28) (Fig. 3B). This is con-
sistent with iMPs differentiating into microglia after injection
into the neonatal mouse brain, rather than a different type of

myeloid cell. In addition, 60-dpi in vivo iMGs also had higher R2

values when compared with primary microglia than in vitro
microglia (R2 = 0.89; R2 = 0.58). In contrast, 60-d in vitro iMGs
had the highest R2 values when compared with in vitro cultured
microglia (R2 = 0.96; R2 = 0.89) than when compared with either
primary microglia (R2 = 0.90; R2 = 0.64) or monocytes (R2 =
0.81; R2 = 0.40) (SI Appendix, Fig. S4A). In all cases, the dif-
ferences between R2 values were greater when comparisons were
done using microglial enriched genes. Our results again suggest
that iMGs differentiated in vivo are more similar to primary
human microglia than in vitro differentiated iMGs.
To determine whether similar sets of genes were differentially

expressed between in vitro and in vivo conditions in iMGs and
primary microglia, we plotted all genes which were differentially
expressed in either the current study or Gosselin et al. by the
ratio of expression of in vivo samples compared with that of
in vitro samples. Fig. 3C shows that far more genes changed in
the same direction in both studies than in opposite directions
(P = 1e−300 by Fisher exact test), indicating that transplantation
of iMGs into the brain creates cells that closely resemble primary
human microglia.

Increased Expression of MG Signature Genes in Microglia after
Transplantation into the Brain. Microglial differentiation is thought
to be dependent on signals derived from neurons and astrocytes
(24, 37). Indeed, microglial differentiation protocols use mole-
cules like IL34 secreted by neurons to drive acquisition of a
microglial phenotype (18–20, 24) which are thought to be nec-
essary for the acquisition of microglial identity. To determine
whether transplantation into the brain affected the expression of
microglial signature genes, genes differentially expressed in 60-dpi
transplanted in vivo iMGs and iMGs cultured in vitro for 60 d
are shown in a volcano plot with labels for the 50 genes
exhibiting the greatest P value (Fig. 3D and Dataset S1). In
addition, a heatmap shows the expression of these differentially
expressed genes across all samples, with labels of key microglial
signature genes and disease risk genes (Fig. 3E and SI Appendix,
Fig. S5A). Among the genes with dramatically increased in vivo
expression are core microglial genes such as P2RY12, P2RY13,
CX3CR1, SALL1, and BIN1 (Fig. 3 D–F and SI Appendix, Fig.
S5B), which mirrors changes in gene expression when primary
human (27) and mouse (26) microglia were cultured. Gene on-
tology analysis of 2-fold up-regulated genes in transplanted iMGs
at 60 dpi showed enrichment in terms related to immune func-
tion, including leukocyte differentiation, cytokine production,
and B cell proliferation (SI Appendix, Table S1). In contrast,
down-regulated genes were enriched for terms associated with
immune activation, including myeloid leukocyte activation, leu-
kocyte migration, cytokine production, and regulation of in-
flammatory response (SI Appendix, Table S1). Thus, transplanted
iMGs exhibit patterns of gene expression which are consistent
with increased expression of genes important for microglial
identity and down-regulation of genes involved in the inflammatory
response.
Microglia have been shown to be activated in different neu-

rodegenerative diseases (5–7), and numerous Alzheimer’s and
Parkinson’s disease risk loci have been mapped to genes with
high expression in microglia (12–17). We found a significant
increase in expression of disease-associated genes such as
GPNMB, ANXA1, APOC1, and SNCA in cultured iMGs as
compared with iMGs residing in the brain (Fig. 3G and SI Ap-
pendix, Fig. S5C). Thus, cultured iMGs may not be a faithful
experimental system to assess gene expression changes related to
neurodegenerative disease mechanisms.

iMGs Differentiated In Vitro Resemble Primary Human Microglia in a
Diseased State. Microglia have recently been described as exhib-
iting heterogeneity in function and gene expression throughout
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development and in disease states in both human (38) and mouse
(8, 39). To determine whether iMGs differentiated in chimeric
brains exhibited similar heterogeneity, we compared gene ex-
pression from in vivo iMGs at 60 dpi with iMGs cultured in vitro
for 60 d by single-cell RNA-seq (scRNA-seq). In addition, we
compared the in vivo and in vitro differentiated iMG primary
microglia from healthy donors and patients with multiple scle-
rosis (MS) (38). UMAP (uniform manifold approximation and
projection) plots were generated showing 4 replicates of trans-
planted iMGs, 2 replicates of in vitro differentiated iMGs, pri-
mary microglia from healthy donors, and primary microglia from
MS patients (Fig. 4A); all differentially expressed genes for in-
dividual clusters are listed in Dataset S2. This analysis generated
13 clusters, with in vivo iMGs predominantly located in clusters
1, 2, 3, and 4, healthy primary microglia located in clusters 1, 3, 5,
and 7, in vitro iMGs located in clusters 0, 4, 6, and 8, and primary
MS microglia located in clusters 0, 2, 9, and 10 (Fig. 4B). In
particular, when the UMAP plot was colored according to
samples (Fig. 4A, Left), distinct overlaps between transplanted
iMGs and healthy primary microglia were observed as shown in
the right panel of the graph, and clear overlap was seen between
in vitro differentiated iMGs and microglia from MS patients on
the left side of the plot. To quantify these observations, the
UMAP distance was measured between each individual cell
and the center of the region occupied by the healthy primary
microglia (Fig. 4C). Using a Scheffé test, the transplanted
iMGs were found to be significantly closer to the healthy pri-
mary microglia than were the in vitro and MS samples. These
results confirm that the iMGs differentiated in the chimeric
mouse brain are more similar to primary microglia than iMGs
differentiated in vitro. Furthermore, these results suggest that
iMGs differentiated in vitro resemble primary microglia in
a disease state.
To evaluate the expression of microglial signature genes in the

different clusters, we generated a microglial signature score that
combined expression of key microglial genes (TMEM119,
P2RY12, P2RY13, CX3CR1, CSF1R, and BIN1) and overlaid it
on the UMAP plot, with each cell colored according to its ex-
pression of these genes (Fig. 4D). This indicated that cells in
clusters containing primarily transplanted iMGs and healthy
primary microglia have much higher microglial scores than cells
in clusters containing primarily in vitro iMGs or MS microglia. In
contrast, when we analyzed selected genes which are more
generally expressed in all macrophage cell types (AIF1, SPI1, and
GPR34), expression levels appeared much more consistent
across clusters (Fig. 4E). Notably, cells in cluster 2, which is 87%
in vivo iMGs and 13% MS microglia (Dataset S3), had low
microglial signature scores compared with cluster 1 but normal
expression of other myeloid genes such as AIF1 and SPI1. These
cells could represent the nonmicroglial GFP+ macrophages on
the edges of the chimeric brains and perivascular macrophages
lining the blood vessels (Fig. 1 and SI Appendix, Fig. S3H), while
clusters 1 and 3 represent the microglial iMGs found within the
neuropil of the brain.
In our previous results, we found that some genes associated

with neurodegenerative disease were up-regulated in the in vitro
samples. To determine if this was recapitulated using scRNA-
seq, we overlaid the expression level of MARCO, LGALS1, and
GPNMB associated with Parkinson’s disease on the UMAP plot
(Fig. 4F). These genes had much higher expression in clusters
containing primarily in vitro iMGs or MS microglia. A heatmap
showing the 40 most differentially expressed genes in the largest
clusters, clusters 0 through 5, is shown in Fig. 4G. The most
differentially expressed genes in the remaining clusters are
shown in SI Appendix, Fig. S6. These results further confirm that
the iMGs grown in vitro have up-regulation of genes associated
with disease states, while iMGs grown in the in vivo environment
resemble resting primary microglia.

iMGs In Vivo Respond to Lipopolysaccharide Stimulation. Lipopoly-
saccharide (LPS) stimulation is a classic model of immune acti-
vation and the resulting microglial activation has been well-
characterized in mice (36, 40, 41). This activation response in-
cludes a shift to a less ramified, amoeboid morphology and an
increase in expression of cytokines such as TNF alpha and IL1
beta. To assess whether the iMGs responded to immune stimu-
lation, 60-dpi chimeric mice were injected with LPS or saline and
brains were collected for immunohistochemistry after 24 h.
P2RY12+ iMGs in mice injected with saline showed extensive
ramification similar to that already described (Fig. 5A, Left). In
contrast, P2RY12+ iMGs in mice injected with LPS were less
ramified and exhibited activated morphology (Fig. 5A, Right).
Despite identical LPS injections, variability was observed in the
degree of morphological changes between chimeras. Some chi-
meras showed cells with thickened, shorter processes with a
complete loss of the fine, branching processes as seen in the
control iMGs (Fig. 5A, Middle), while the more severely affected
chimeras had iMGs with round amoeboid appearance (Fig. 5A,
Right). Given that the reasons for this variability are unknown,
cells from severely and moderately affected chimeras were
pooled into a single group. Morphological quantification of
iMGs in saline- and LPS-injected chimeras revealed significant
decreases in total process length, volume, branch points, and
terminal points (Fig. 5B), indicating that transplanted iMGs
exhibit this key function of primary microglia. LPS stimulation is
also known to increase phagocytosis in primary microglia (42,
43). To determine if transplanted iMGs functionally respon-
ded to LPS by increasing phagocytosis, we measured the ex-
pression of CD68 in GFP+ iMGs, which is representative of
the size of the lysosomal compartment and indicative of the
level of phagocytic activity in microglia (44). Quantification of
the degree of colocalization of GFP and CD68 revealed a
significant increase in CD68 in LPS-stimulated iMGs com-
pared with unstimulated iMGs (Fig. 5 C and D, Top). Similar
results were obtained for mouse microglia in the same chimeric
brains (Fig. 5 C and D, Bottom). Thus, transplanted iMGs repre-
sent a potential model for studying activation of human microglia
in the brain.

Discussion
The derivation of microglia-like cells from hiPSCs represents an
important step for studying the role of microglia in neural de-
velopment and neurodegenerative disease (18–20). However,
there are important limitations to studying these cells in vitro, as
primary microglia directly isolated from the brain exhibit sig-
nificant changes in the expression of microglial signature genes
and neurodegenerative disease-associated genes when grown in
culture (26, 27). These findings suggested that in vitro differen-
tiated microglia display a significantly altered phenotype and
gene expression profile, thus limiting the use of such cells for
disease research. The goal of this work was to overcome these
limitations and establish an experimental platform that creates
cells with a similar phenotype as primary human microglia.
Microglial precursors were derived from hiPSCs and trans-
planted into the brains of neonatal mice. The injected microglial
precursor cells displayed a developmental progression from im-
mature microglia at 10 d after transplantation to a mature
microglial phenotype at 60 and 120 d after transplantation that
was similar to that of resting primary human microglia. The cells
assumed a ramified morphology and robustly expressed micro-
glia signature genes such as P2RY12 and TMEM119 that were
weakly expressed in iMGs differentiated using in vitro proto-
cols. Single-cell RNA-seq revealed that the transplanted cells
resembled healthy primary microglia, while in vitro differenti-
ated iMGs resembled primary microglia in a disease state (38).
Finally, challenging the chimeric mice with LPS converted the
resting human microglia into a typical activated state. Our
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results indicate that the in vivo brain environment induces
the microglia-like cells to a state similar to that of primary
resting microglia.

To achieve efficient integration of donor microglia-like cells, 2
experimental parameters were crucial. First, the time of differ-
entiation of donor cells in culture significantly impacted cell
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Fig. 5. iMGs in human–mouse microglial chimeras respond to LPS stimulation. (A) Representative images of 60-dpi iMGs following injection of saline (Left) or
LPS (Right). Examples of moderate (Middle) and severe (Right) changes in morphology of GFP+ iMGs are shown from 2 separate mice. Cells are stained for GFP
(green) and P2RY12 (red). (Scale bar, 50 μm.) (B) From the filament tracings, the total length of all summed processes per cell (dendrite length), total cell
volume (dendrite volume), total number of bifurcation points per cell (branch points), and total number of process terminal points per cell (terminal points) in
chimeras challenged with LPS or saline were quantified. (C) Representative images of CD68 staining in human 60-dpi iMGs in saline- and LPS-treated chimeras
(Left) and mouse microglia from the same animals (Right). (Scale bar, 50 μm.) (D) The intensity of colocalization between GFP and human CD68 was quantified
for human iMGs (Top) and the colocalization between Iba1 and mouse CD68 was quantified for mouse MGs (Bottom). Values are expressed as mean ± SD.
Significance was determined by Mann–Whitney t test, with sample sizes of 150 to 300 cells from 3 mice. ****P < 0.001.
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integration. The most efficient integration of donor cells was
achieved when iMPs were injected directly into neonatal brains
without first differentiating cells into microglia-like cells. Second,
the survival and integration of donor cells required the expres-
sion of human cytokines in the host animals. The recipient hu-
manized NSG mice with the greatest number of integrated cells
expressed the human versions of CSF1, IL3, SCF, and GM-CSF,
with CSF1 being the most important factor for donor cell in-
tegration. Under optimal experimental conditions, the donor
cells attained up to 50% of the total number of microglia in some
brain areas. We did not detect evidence of human cells replacing
the host cells, as is seen when human astrocytes are injected into
the newborn mouse brain (45).
The most important conclusion from our work is that the

in vivo brain environment induces the transplanted microglia-
like cells to assume a highly ramified phenotype with long pro-
cesses seemingly surveying and contacting neurons as seen in the
normal brain (1). Furthermore, our results show that in vivo
differentiated iMGs are more similar to primary microglia than
in vitro differentiated iMGs. Using both bulk and single-cell
RNA-seq, we show that transplanted iMGs exhibit gene ex-
pression profiles much more similar to primary microglia than
in vitro differentiated iMGs. This included significantly higher
levels of expression of the key microglia signature genes P2RY12,
CX3CR1, P2RY13, SALL1, and BIN1 in transplanted iMGs.
Furthermore, Alzheimer’s and Parkinson’s disease risk genes
such as GPNMB, ANXA1, and APOC1 were significantly up-
regulated in cultured iMGs. Finally, single-cell RNA-seq
revealed that the transplanted microglia displayed cellular het-
erogeneity similar to that seen in healthy primary microglia in
the human brain, while in vitro differentiated iMGs resembled
primary microglia in a disease state (38). Thus, in vitro differ-
entiated microglia do not well reflect the morphology and gene
expression of microglia residing in the brain, confounding their
use for disease research.
P2RY12, one of 2 microglial specific genes (46), was expressed

in 95% of microglial precursors prior to injection but only in
40% of 10-dpi iMGs in chimeras. This could be due to a decrease
in P2RY12 during early stages of microglial maturation, as ob-
served during in vitro differentiation in both protein and mRNA
(SI Appendix, Fig. S1). Furthermore, the sensitivity of detecting
P2RY12 by live-cell FACS is likely greater than the sensitivity of
detection through immunostaining of fixed cells, which would
further explain the differences in detection of P2RY12 between
10-d chimera iMGs and 10-d in vitro iMGs.
These results have recently been validated by a similar study

which was published while this manuscript was in preparation
(47). Using an alternative microglial differentiation protocol,
this study confirmed that, through intraventricular injections
of hematopoietic precursors into mice carrying a human allele
of CSF1, transplanted iMGs are more similar to primary hu-
man cells than in vitro differentiated iMGs. As these 2 studies
used different in vitro protocols to generate precursor cells
yet reached similar conclusions (SI Appendix, Fig. S7), these

results show that chimeras represent a robust strategy for mini-
mizing the variability between protocols and between research
groups which confounds in vitro research using hiPSC-derived
microglial cells.
Microglia are known to become activated in response to im-

mune stimulation, which is one of their primary functional roles
(4, 5, 30, 40, 48). We show that the transplanted microglia
strongly responded to LPS injection into the chimeras. Microglia
underwent a phenotypic conversion from the ramified, resting
state to an activated state, a response that is well-documented
and associated with a characteristic shortening and thickening of
processes as the cells acquire an amoeboid structure (36, 49, 50).
Thus, the transplanted microglia react to signals in their envi-
ronment in a way that is characteristic of primary microglia,
further supporting the conclusion that they functionally integrate
into and interact with the in vivo environment.
A major limitation of current protocols for the in vitro dif-

ferentiation of microglia from hiPSCs has been the failure to
define the “ground state” of the cells corresponding to resting-
state microglia. Our work establishes an experimental platform
that allows conversion of hiPSC-derived microglia-like cells to a
state that closely resembles that of primary human microglia.
Thus, relevant disease mutations can be introduced into the
hiPSCs, allowing researchers to assess the phenotypic conse-
quences on the ground state of the cells. This platform will allow
future experiments to stringently test the role of Alzheimer’s and
Parkinson’s disease risk alleles in neurodegenerative diseases.

Materials and Methods
A detailed description of experimental procedures and analyses is provided in
SI Appendix, Experimental Procedures. Briefly, we transplanted microglial
precursors derived from hiPSCs into the brains of NSG mice carrying the
human allele for CSF1. These engrafted cells were then isolated for bulk
RNA-seq and scRNA-seq and compared with in vitro differentiated cells and
primary human microglia from published datasets in refs. 27 and 38, re-
spectively. Animals were used in accordance with protocols approved by the
Animal Research Regulation Committee at the Whitehead Institute and
guidelines from the Department of Comparative Medicine at the Mas-
sachusetts Institute of Technology.

Data Availability. Single-cell and bulk RNA-sequencing data are available in
the Gene Expression Omnibus (accession no. GSE139194). For further ques-
tions, please contact the corresponding author.
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